Purpose of review Acetaminophen poisoning accounts for a disproportionate percentage of all toxic ingestions, and can be lifethreatening. This article reviews the mechanism and presentation of acetaminophen toxicity, as well as its treatment, including current thinking and treatment recommendations. Recent findings N-acetylcysteine acts to detoxify acetaminophen in several ways, but primarily by increasing the synthesis and availability of glutathione, which binds and inactivates the highly reactive and hepatotoxic acetaminophen metabolite N-acetyl-p-benzoquinoneimine. The US Food and Drug Administration has approved an intravenous formulation of N-acetylcysteine, thus allowing the treatment time to be decreased from the 72 hr most commonly used for the oral regimen, to only 20 hr. This comes after many years of accepted intravenous N-acetylcysteine use in Europe and Canada, and much controversy as to the superiority of both treatments. This review summarizes this controversy, and offers a framework to develop a safe treatment plan that has the optimal outcome for the patient, as well as reflecting knowledge of the potential caveats at work. It describes side effects of N-acetylcysteine treatment, as well as relative indications to choose one route of treatment over the other. Summary Acetaminophen can lead to irreversible liver damage and even death in acute overdose. Outcome is related to the swiftness in which the antidote (N-acetylcysteine) is provided. In the United States, there are now available both the oral and intravenous forms of N-acetylcysteine, and pros and cons exist for each. With brisk and adequate treatment using either route, recovery can be complete, and liver function can be restored.
Introduction
Acetaminophen is a well-known, long trusted, and exceedingly available over-the-counter analgesic and antipyretic. Since its availability in the 1950s, its use has become very widespread, because of its efficacy, as well as its high toxic-to-therapeutic ratio, and its availability in liquid, tablet, and suppository preparations. Perhaps in part because of its ubiquity in medicine chests, it is an extremely frequently reported agent of toxic ingestions, both accidental and intentional. It accounted for 147 deaths reported to the American Association of Poison Control Centers in 2003 [1] . Damage to the liver is the most common cause of serious morbidity and death. Acetaminophen is metabolized almost exclusively in the liver, with more than 90% being converted to the nontoxic glucuronide and sulfate conjugates, and less than 5% being excreted unchanged in the urine. The remaining 5% is metabolized by various cytochrome P450 enzymes, and thus the highly reactive N-acetyl-p-benzoquinoneimine (NAPQI) is formed [2] [3] [4] .
The generally accepted potential risk of toxicity in previously healthy, nonfasted patients occurs with acute ingestion of more that 150 mg/kg in children (although recent studies indicate that doses up to 200 mg/kg may be safe) and 7.5 g total ingestion in adults [2] . Fasted patients, those with chronic liver disease or a history of excessive alcohol use, and those who take drugs that induce the cytochrome P450 system are at greater risk from lower ingestions. The therapeutic range in the plasma is 10-20 mg/ ml, all preparations are readily absorbed, and even the extended release compounds reach peak concentrations by 4 hr after ingestion.
Mechanism of toxicity
In the usual nontoxic acetaminophen doses, NAPQI combines with the sulfhydryl group of endogenous glutathione to form a nontoxic mercaptide conjugate. In toxic doses, excessive NAPQI is formed, and glutathione stores are depleted. There is observable NAPQI-induced liver toxicity if the glutathione supply falls below 30% of normal.
Centrilobular necrosis in the liver cells predominates as the cellular mechanism of acetaminophen toxicity, because of covalent binding of NAPQI to cysteinyl sulfhydryl groups in the liver cells. How the actual injury occurs remains under study, but possible mechanisms include damage to mitochondrial function, inhibition of Krebs cycle enzymes, and disruption of calcium gradients that are involved with various cellular functions [2] [3] [4] .
Clinical features of toxicity
Treatment of acetaminophen toxicity needs to be aggressive and early to avoid the significant morbidity and even mortality associated with overdose, and this is often complicated by the fact that early recognition of the ingestion is easily missed.
There are four main stages of toxicity: In severely poisoned patients, renal dysfunction is common (up to 25%), because of direct, in situ NAPQI toxicity in the kidney analogous to that in the liver, as well as secondary renal failure related to the primary hepatic insult (hepatorenal syndrome).
Laboratory evaluation
The measured acetaminophen level at 4 hr after ingestion or longer predicts the possibility of liver injury when plotted on the accepted acetaminophen nomogram.
The original study that predicted liver toxicity as it related to acetaminophen level and time since ingestion (done by Rumack and Matthew, 1975) [5] depicted a treatable 4-hr level at 200 mg/ml. However, a lower line, the 'possible hepatotoxicity line' (25% under the upper one), indicating a 4-hr level of 150 mg/ml, was subsequently established to prevent undertreatment. Special care must be given to interpreting the level with knowledge of the correct units. In addition, the nomogram cannot be used to interpret chronic ingestions.
In general, the same 4-hr postingestion level can be used for treatment decisions concerning extended-release acetaminophen products, but some conservative practitioners advocate the measurement of 4-hr and 6-hr levels in large ingestions of extended-release products, and treating if either value is in the toxic range.
In the previously healthy patient with no baseline liver dysfunction, further diagnostic evaluation is guided by the presence of a toxic acetaminophen concentration. If laboratory evaluation is triggered, then liver function tests, electrolytes, glucose, and pH determinations should be done.
General treatment guidelines
The accepted antidote for ingestion of toxic levels of acetaminophen is N-acetylcysteine (NAC), as published by Prescott et al. [6, 7] . In addition to a number of extrahepatic and microcirculatory effects, NAC works in the liver by a number of proposed mechanisms, described as follows ( Fig. 1 ).
(1) NAC increases the synthesis and availability of glutathione, being converted to cysteine and then to glutathione. (2) NAC (via its reduced sulfur group) can substitute for glutathione and directly bind, and thus detoxify, NAPQI. (3) NAC can supply a substrate for sulfation, increasing the percentage of nontoxic metabolism.
Gastric decontamination with activated charcoal is recommended, but its usefulness is limited if given more than 2 hr after ingestion, because acetaminophen is rapidly absorbed.
Acetaminophen is rapidly adsorbed by activated charcoal, and its administration is especially important if the overdose involves multiple compounds. The decision to use activated charcoal should not be affected by considerations of the use of NAC, but the evidence remains controversial as to whether charcoal adsorption of NAC is clinically significant. The most likely hypothesis is that the amount of NAC used in acetaminophen toxicity so greatly exceeds that needed to prevent liver cell damage, that a small decrease in NAC bioavailability by activated charcoal adsorption is not clinically significant [3] . In addition, it is often possible to temporally separate the activated charcoal from the first dose of oral NAC, because outcome is not affected as long as NAC is started within 8 hr of acetaminophen ingestion [8] .
Considerations for the use of oral N-acetylcysteine
The use of an oral protocol for NAC therapy for acetaminophen toxicity has long accepted the dosing schedule to include a 140 mg/kg loading dose, followed by an additional 17 doses of 70 mg/kg every 4 hr (for a total of 1330 mg/kg NAC over 72 hr) [6] . Smilkstein et al., 1988 [8] conducted a study to define the efficacy of oral NAC in this setting, and its relation to the initial plasma APAP concentration and to the delay before treatment is initiated. The evaluated patients met inclusion criteria of a single, acute acetaminophen overdose, at least one APAP measurement between 4 and 24 hr after ingestion, at least 17 doses (unless they died first) of enterally administered NAC (orally or enteral tube), and availability of serial AST measurements to assess liver toxicity. Those chosen for treatment had APAP levels that were stratified, but all had levels that were at or above a point on the nomogram corresponding to 150 mg/ml at 4 hr after ingestion, previously described by Rumack and Matthew [5] . Also treated were those whose levels were not available until after treatment was initiated, if ingestion was more than 140 mg/kg in a child or 7.5 g in an adult. As with previous studies, it was shown that hepatotoxicity was minimal regardless of the initial APAP concentration if NAC was started within 8 hr of ingestion. This suggests that treatment delays due to factors that delay gastric emptying or to the administration of activated to charcoal should not adversely impact the outcome, if NAC is started within 8 hr of ingestion. There was, however, an increase in hepatotoxicity with treatment delays within 8-16 hr after ingestion.
Woo et al. (2000) [9] did an observational study to assess whether the oral dosing of NAC could be implemented for less than 72 hr and keep the same efficacy as the originally recommended 72-hr regimen. The study was done as a retrospective chart review of acetaminophen ingestions at one hospital, with therapy being initiated if serum APAP levels were above a modified Rumack-Matthew line extending from 140 mg/ml at 4 hr to 50 mg/ml at 10 hr. The regional poison control center recommended instituting the oral NAC regimen at the usual 140 mg/kg loading dose, followed by 70 mg/kg q4h dosing, until the serum APAP level was undetectable. This study demonstrated as high an efficacy in the shorter regimens of oral NAC use as compared with the 72-hour oral protocol described in the Smilkstein study (1988) [8] discussed earlier.
Smilkstein's group showed an incidence of hepatotoxicity of 6.1% if NAC was initiated within 10 hr of ingestion, and 26.4% if treated after 10 hr. The present study showed analogous incidences of hepatotoxicity of 3% and 21%, respectively. The authors suggesting the adoption of a time of 36 hr after ingestion as a time to discontinue NAC therapy, if the acetaminophen level is no longer detectable and if AST/ALT levels are normal.
Considerations for the use of intravenous N-acetylcysteine
In Europe and Canada, the 20-hr intravenous NAC regimen for acetaminophen overdose has long been used, with a cumulative dose of 300 mg/kg, even as the oral regimen was the only one approved in the United States for this NAC increases the synthesis and availability of glutathione, being converted to cysteine and then to glutathione. NAC (via its reduced sulfur group) can substitute for glutathione and directly bind, and thus detoxify, N-acetyl-p-benzoquinoneimine. NAC can supply a substrate for sulfation, increasing the percentage of nontoxic metabolism. Reproduced with permission [2] .
purpose. In 1991, Smilkstein's group [10] published a study aimed at describing an effective and shorter alternative to the oral regimen using an investigational, pyrogen-free form of intravenous NAC, and the 48-hr, intermittent dosing protocol was described. The dosing included a 140 mg/kg loading dose, followed by 12 maintenance doses of 70 mg/kg, every 4 hr. All doses were infused over 1 hr, and each subsequent dose was started 4 hr after the previous one (i.e., 3-hr 'off ' per time period). The total treatment dose was 980 mg/kg over 48 hr. The inclusion criteria were the same as Smilkstein's 1988 oral NAC study [8] . This study produced results similar to those of the studies describing the 72-hr oral NAC protocol and the 20-hr continuous intravenous NAC protocol, in acutely poisoned patients treated within 10 hr of ingestion.
The incidence of hepatotoxicity in the 48-hr intravenous protocol was comparable to previously noted percentages for treatment groups before and after 10 hr of ingestion in the 72-hr oral protocol as well as the 20-hr intravenous protocol. There was 10% hepatotoxicity if treatment was initiated within 10 hr of ingestion, and 27.1% if initiated within 24 hr of ingestion. It was deemed 'hepatoprotective' and resulted in no deaths in all risk groups.
Perry and Shannon [11] made the comparison of intravenous versus oral NAC, in an open-label clinical trial in a pediatric population. The study group was similar to that in other studies, in that patients had an acute ingestion, a 4-hr level that placed them at least above the 'possible toxicity' line on the nomogram, and presented no later than 24 hr after overdose. The intravenous NAC regimen was 140 mg/kg loading dose followed by 12 doses of 70 mg/kg, all during 1 hr, 4 hr apart. The historical control subjects were those treated with oral NAC in the accepted regimen, with the same eligibility requirements as the intravenous NAC group. Mean treatment delay was significantly longer in the intravenous group, as was peak prothrombin time values. All other laboratory values had no significant differences between groups.
In Perry's study, there were no patients in the intravenous protocol who had hepatotoxicity if treated within 10 hr, and 9.8% if treated within 10-24 hr. The authors of this paper gave several reasons why the results might be better in the pediatric population, including sulfation playing a more important role in acetaminophen metabolism before age 12, the possibility (untested) of age playing a role in the elaboration of the toxic NAPQI, the capacity for glutathione regeneration possibly being greater in children, and the prevalence of ETOH likely being lower in the pediatric population. The mean age of patients in this study was 15.6 ± 3.2, as compared with 21.3 ± 9.3 in the 48-hr intravenous protocol study by Smilkstein et al. previously described [10] .
The US Food and Drug Administration approved an intravenous formulation of NAC in early 2004 (Acetadote Ò, Cumberland Pharmaceuticals, Nashville, Tennessee, USA) using the 20-hr, continuous-infusion protocol. In regard to adult intravenous dosing, the loading dose is 150 mg/kg in 200 ml of D5 for 15 min, followed by 50 mg/kg in 500 ml of D5 for 4 hr, and 100 mg/kg in 1000 ml of D5 for 16 hr [12] .
In regard to pediatric intravenous dosing, it has been shown [13] that standard intravenous dosing can cause hyponatremia and secondary seizures because of the free water load (see later section on adverse events). Therefore, the convention is to dilute 20% NAC to a final concentration of 40 mg/ml. See Table 1 for a depiction of the usual pediatric dosing schedule. The final milligrams per kilogram dosing (150 mg/kg loading dose, 50 mg/kg for 4 hr, and 100 mg/kg for 16 hr) is the same; the free water is less than in the adult schedule.
One suggested practice guideline is outlined below (E. We are only beginning our American experience on the widespread use of this protocol, although for years the off-label use of intravenous N-acetylcysteine has been used at the discretion of US clinicians. The potential for a shorter hospital stay using the intravenous protocol has the promise of reducing the overall treatment costs, but the comparison of actual costs between the treatment types has yet to be formally compared. Some indications of when intravenous N-acetylcysteine might be preferable are in cases of refractory vomiting, despite use of antiemetics; bowel obstruction; or other cause of a surgical abdomen in which the gastrointestinal tract should not be used, gastrointestinal bleeding, and in cases of neonatal acetaminophen toxicity.
Adverse events after N-acetylcysteine administration
Refractory nausea and vomiting have long been described after acetaminophen ingestion. The exacerbation of these symptoms has often been attributed to the foul, rottenegg odor and taste of the oral NAC antidote. Many have suggested that this is an indication to administer NAC via the intravenous route. In addition, because of the partial binding of NAC by activated charcoal and thus its decreased bioavailability, others have promulgated this as another reason to use the intravenous route. However, the need or requirement to resort to intravenous dosing in these or other situations has remained equivocal.
Before a sterile, pyrogen-free intravenous NAC product was available in the United States, oral NAC (administered intravenously) was used in many study protocols 15] . Most of the adverse events associated with intravenous NAC use have been anaphylactoid in nature, including rash, pruritus, wheeze, throat tightening, and sometimes hypotension [10, 11, 15] . Of note, there have not been reports of anaphylactoid reactions to oral NAC administration. These adverse reactions were almost always seen with the loading dose, and were assumed to be dose-related and infusion-rate related, histamine dependent, but not IgE mediated as in true anaphylaxis. In most cases, antihistamine therapy has been effective, and the transient reactions did not prelude the completion of the NAC courses. Appelboam et al. [16] reported a fatal anaphylactoid reaction to intravenous NAC in an asthmatic patient, suggesting that preexisting asthma be an indication to use special caution in the use of intravenous NAC.
, in a retrospective study of the use of oral NAC for intravenous administration in acetaminophen toxicity, sought to analyze the adverse events associated with its use, using the European standard of 300 mg/kg NAC during 20 hr. The infusion was stopped when the transaminases were less than 1000 IU/l and the patient was clinically improving. The loading dose of 150 mg/kg was infused during 1 hr, instead of the previously described 15-min loading dose infusion time [3] . Adverse events were defined as any cutaneous, systemic (such as wheeze, transient hypotension), or life-threatening (respiratory or cardiac arrest, or hypotension requiring intervention) reaction. Of the 10 deaths in the study population, none occurred during the NAC loading dose or were tied to the use of NAC by the intravenous route. The study showed a 3.7% (7/187) rate of adverse events.
Of the seven adverse events, six were cutaneous and responded rapidly to antihistamines, and the one lifethreatening event (apnea and junctional bradycardia) was not clearly linked to the use of intravenous NAC. This study offered support to the common suggestion to increase the infusion time for the intravenous loading dose to 1 hr.
Bailey and McGuigan [17] did a review of acetaminophen toxicity charts in an attempt to analyze the treatment of NAC-induced anaphylactoid reactions and to develop treatment guidelines addressing whether or not to continue the therapy that was clearly indicated and needed. They saw a 23% reaction rate in the 20-hr intravenous protocol, 20% rate in the 48-hr intravenous protocol, and no reactions in the 72-hr oral protocol. Treatment guidelines were developed and then applied prospectively in the setting of NAC treatment for acetaminophen ingestion. The treatment paradigm ranged from no intervention for simple flushing, to attendance to ABCs, intravenous diphenhydramine, oral cimetidine and ephedrine in the cases of respiratory symptoms or hypotension. Even in these cases, NAC was restarted in 1 hr if no symptoms recurred. In summary, the guidelines were successfully applied, with no poor outcomes. This study had a limitation of a small number of subjects; 33 were treated according to the guidelines prospectively. Another limitation of this study was that no life-threatening reactions occurred. Interventions and techniques of slowing the infusion rate, and so on, therefore, could not be evaluated on these subjects.
Lynch and Robertson [18] conducted a prospective, casecontrolled study to investigate the predictive factors of developing an anaphylactoid reaction to intravenous NAC. Of the 64 patients who received the infusion, 48.4% developed an anaphylactoid reaction, and 71% of these were in the first 15 min of infusion. They note that this incidence of reaction is much higher than in previous studies. There findings suggested that patients were more likely to react to intravenous NAC if they had low APAP levels, zero levels, were classified as high risk, or presented late (>8 hr after ingestion). The authors concluded that it might minimize reactions if treatment was delayed until the APAP level was known in early presenters (<8 hr), and if the loading dose was given during 60 instead of 15 min.
A case report by Bonfiglio et al. [19] described a 20-yearold woman with a polyingestion (including 16 g of acetaminophen), presenting at least 16 hr afterward. Immediately after the 150 mg/kg loading dose, she experienced chest pain, dyspnea, tachycardia, ST depression, and T-wave inversion in electrocardiogram leads V2-V5 (the events of which have not been described for her co-ingestants). Nitroglycerin and antacid gave no relief, but she was relieved within 2 min of antihistamine administration. The electrocardiogram abnormalities were persistent, and deemed to likely predate the ingestion, but she clinically returned to normal.
Another case study done in Canada by Sung et al. [13] described a 3-year-old girl who, 9 hr into intravenous NAC therapy, had tonic-clonic seizure activity and a serum sodium level of 118 mmol/L (documented at 141 mmol/L prior to initiation of treatment). It was theorized that an excess of free water delivery associated with the treatment protocol was to blame, causing an exaggerated dilutional response because the patient was a small child. The authors suggested an alternate dilution method for the intravenous NAC, which decreased unnecessary free water delivery to small patients.
In 1994, Mohammed [20] reported a case of serum sickness in a man given oral NAC at an unclear dose (unknown milligrams per kilogram), every 6 hr; the protocol used was unclear. His reactions started 60 hr after NAC exposure, and included fever, rash, arthralgia, adenopathy, abdominal pain, and a decrease in platelet count. In addition to stopping the NAC, he was given methylprednisolone and diphenhydramine, and was significantly better within 12 hr.
Conclusion
We are at a state of maximal knowledge of the mechanisms of and treatment for acetaminophen toxicity, and in the United States we now have the ability to make a choice between the use of oral versus intravenous NAC formulations. However, the responsibility belongs to the practitioner to weigh the variables in this decision, taking into account the relative risk of hepatotoxicity given the magnitude of the ingestion, as well as other factors.
Patient characteristics, such as age, preexisting morbidity, other medication exposure, nutritional state, atopic tendency, and even genetic factors may culminate in a milieu that will swing the balance toward increased acetaminophen-induced toxicity or toward increased iatrogenic morbidity from its treatment.
The oral NAC regimen has been used for more than 20 years in the United States, and has been shown to be as effective as the intravenous protocols, especially in early treatment. Many have touted that the intravenous form is indicated if there is intractable vomiting, but we still do not know whether this is a valid argument. Antiemetics have been used extensively in this setting, and the use of a transpyloric feeding tube to support enteral NAC administration may have a role in this setting. As for the negative effect on NAC bioavailability from adsorption by activated charcoal, the argument for this is also weak. Efficacy of the oral protocol has not been shown to be decreased, despite the decrease in NAC bioavailability.
The intravenous formulation is much more expensive, but the oral regimen raises healthcare costs in this setting because hospital stays potentially may be much longer. The oral regimen has fewer side effects, but the vast majority of the side effects to intravenous NAC area easily treated and do not preclude finishing of the course.
Clinicians need to assess their risk tolerance in this setting, and make decisions on a case-by-case basis. Hopefully study in this area will continue, and case-controlled studies between the available treatments, with special attention to differing patient characteristics, will be forthcoming.
As a final note, this paper has not addressed the concept that late NAC treatment, by microcirculatory, antioxidant, or other effects, may have a restorative effect on acetaminophen-induced hepatotoxicity, and certainly more work is needed to address this possibility.
